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[Chapter 1: General Introduction] 
Hydrogen bonding is one of the important non-covalent interactions to organize structural arrangements and 
recognize target substrates with appropriate orientations. Thus, hydrogen bonding has been utilized in terms of (i) 
controlling the strength of hydrogen bonding to construct sophisticated supramolecular assemblies such as ternary 
supramolecules in solid states, (ii) stabilizing reactive species, and (iii) activation of substrates. However, due to the 
difficulty to control the strength of hydrogen bonding, no example on ternary hydrogen-bonding supramolecules 
composed of photo- or redox-active components has yet to be reported in solution. On the other hand, although molecular-
recognition abilities of organic host molecules bearing NH protons have been applied to catalytic organic reactions to 
activate functional groups, few catalysts to promote redox reactions have been reported because these hydrogen-bonding 
catalysts are basically redox-inactive. 
Porphyrins (H2P) are 18p-conjugated tetrapyrrole macrocycles with planar conformation bearing two NH protons 
and two imine N atoms at the inner cores as hydrogen bonding sites. 
Because of the excellent redox and optical properties of H2P, the 
electronic structure of multi-electron redox products2 and photoinduced 
electron-transfer properties3 of H2P have been widely investigated so 
far. In addition, protonation of H2P afforded diprotonated porphyrins 
(H4P2+), which are able to form hydrogen bonds with conjugate bases 
(X–) of acids (HX) for protonation. Although the protonation 
phenomena of H2P have been well known, the application of protonated 
porphyrins for photofunctional supramolecular assemblies and redox 
catalysis has been limited so far. The limitation is mainly due to the low 
basicity of porphyrins with planar conformation, restricting the variety 
of HX for protonation of porphyrins (Figure 1a).4 
For the functionalization of H4P2+, by introducing saddle-distortion to the porphyrin ring could be one of effective 
 
Figure 1. Protonation behavior of a) planar porphyrins 
and b) saddle-distorted porphyrins with functionalities 
of H4P2+. 
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ways to enhance the basicity of porphyrins. Saddle-distortion of porphyrins has been mainly induced by steric repulsion 
between peripheral substituents or inner core modifications. For example, dodecaphenylporphyrin (H2DPP) that has 12 
phenyl groups at periphery is easily protonated to form H4DPP2+ even by weak acids because of the high basicity of imine 
N atoms of H2DPP.4 In addition, H4DPP2+ can act as an electron acceptor in photoinduced electron transfer in hydrogen-
bonded supramolecular assemblies with redox-active conjugate bases (Y–) having a carboxyl group (H4DPP2+(Y–)2, 
Figure 1b).5 However, controlling the formation of supramolecular assemblies has yet to be reported in the presence of 
more than two kinds of conjugate bases (X–, Y–) for hetero-supramolecular assemblies, H4DPP2+(X–)(Y–). Regulating the 
formation of supramolecular assemblies should be essential to construct more sophisticated functional supramolecular 
assemblies such as the reaction center in Photosystem II. In addition, in spite of their rich redox properties, no application 
of reduced porphyrinoids has been made to develop redox reaction systems. By combining the molecular recognition 
ability by hydrogen bonds with rich redox properties of saddle-distorted porphyrinoids, it is expected to develop 
supramolecular catalysts using inner NH protons of H4P2+ as 
anchoring sites with strong hydrogen bonding.   
In this thesis, the author has focused on the following two 
main topics (Figure 2): (1) Controlling the strength of hydrogen 
bonding between H4DPP2+ and X– in protonation of H2DPP and 
formation of supramolecular assemblies of H4DPP2+ by changing 
X–. (2) Formation of multi-electron reduced porphyrinoids for the 
development of redox catalysis, through controlling the hydrogen 
bonding between the porphyrinoids and substrates.  
 
[Chapter 2: Controlling protonation behavior of H2DPP through hydrogen bonding of protic solvents](i) 
For thermodynamic analysis of the protonation 
behavior of H2DPP, trifluoroacetic acid (TFA) as a proton 
source was employed for protonation of H2DPP in acetone 
or an acetone/MeOH mixed solvent. In contrast to one-step 
diprotonation from H2DPP to H4DPP2+ in acetone, stepwise 
protonation of H2DPP was observed together with the 
formation of a monoprotonated porphyrin (H3DPP+) in the 
mixed solvent; such stepwise protonation was not observed 
for planar H2TPP. The formation of H3DPP+ was 
confirmed by X-ray crystallographic analysis, indicating the 
formation of hydrogen bonding between H3DPP+ and MeOH 
(Figure 3). Thermodynamic parameters revealed that 
hydrogen bonding between H3DPP+ and MeOH played an 
important role to stabilize H3DPP+ (Figure 4). Furthermore, 
in light of the Marcus theory of ET, the reorganization energy 
(l) of intermolecular electron transfer (ET) from electron 
donors to the triplet excited states of H3DPP+ was determined 
to be 1.87 eV, which was slightly larger than that of H4DPP2+. 
This is the first example to determine the l value of a monoprotonated porphyrin. 
 
[Chapter 3: Selective formation of supramolecular hetero-triads of a saddle-distorted porphyrin](ii) 
Based on the thermodynamic analysis on the formation of H3DPP+ as described in Chapter 2, it was revealed that 
 
Figure 3. An ORTEP drawing of H3DPP+(CF3COO–)(MeOH), and 
a schematic description of hydrogen bonding between H3DPP+and 
MeOH. 
 
Figure 4. a) Formation of H3DPP+ via disproportionation of 
H2DPP and H4DPP2+, b) Stabilization of H3DPP+ through 
hydrogen bonding with MeOH.  
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Figure 2. Applications of H4DPP2+ described in this thesis. 
supramolecular homo-triads (H4DPP2+(X–)2) were destabilized by using sulfonic acids such as p-toluenesulfonic acid 
(TsOH) or carboxylic acids bearing a positive charge on the conjugate base (R+-COOH) (Figure 5a). The destabilization 
should be derived from the weak hydrogen-bonding ability of TsO– or electrostatic repulsion between H4DPP2+ and the 
positive charge on R+-COO–. Furthermore, the selective formation of supramolecular hetero-triads (H4DPP2+(X–)(Y–)) 
composed of different conjugate bases, has been achieved based on the destabilization of H4DPP2+(X–)2. The selective 
formation of H4DPP2+(X–)(Y–) was confirmed by spectroscopic and X-ray crystallography (Figure 5b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Chapter 4: Photoinduced electron transfer in hydrogen-bonded supramolecular assemblies of a saddle-distorted 
porphyrin with redox-active molecules] 
By using redox-active molecules with a carboxylate group as a conjugate base of H4DPP2+, intrasupramolecular 
photoinduced electron transfer (PET) would be possible using H4DPP2+ as a photosensitizer and a redox mediator. Thus, 
a Ru(II)-polypyridyl complex having a uncoordinating carboxyl group (RuIICOOH) and benzyl viologen derivatives 
(BV2+COOH) with carboxyl groups were prepared as an electron donor and acceptor unit, respectively (Figure 6). The 
formation of supramolecular assemblies of H2DPP with RuIICOOH or BV2+COOH to form H4DPP2+(RuIICOO–)2 or 
H4DPP2+(BV2+COO–)2 were confirmed by 1H NMR spectroscopy, CSI-TOF-MS, and X-ray crystallography. In the case 
of H4DPP2+(RuIICOO–)2, intrasupramolecular PET from the RuII center to the singlet excited state of H4DPP2+ 
(1[H4DPP2+]*) to form H4DPP•+(RuIIICOO–)(RuIICOO–) as an ET state was observed by transient absorption 
spectroscopy with a laser excitation at 500 nm. The lifetime of the ET state was determined to be 159 ps. On the other 
hand, in the presence of decamethylferrocene (Me10Fc) as a terminal electron donor, intermolecular ET from Me10Fc to 
the triplet excited state of H4DPP2+ (3[H4DPP2+]*) occurred to form H4DPP•+(BV2+COO–)2, following 
intrasupramolecular ET from H4DPP•+ to BV2+COO– to form H4DPP2+(BV•+COO–)(BV2+COO–). These results 
suggested that both of intrasupramolecular oxidation and reduction would be expected by selective formation of 
supramolecular hetero-triad; H4DPP2+(RuIICOO–)(BV2+COO–), based on the concept in Chapter 3.  
 
 
Figure 6. Formation of supramolecular assemblies based on H4DPP2+ with redox-active molecules and their reactivity in 
photoinduced electron transfer.  
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Figure 5. a) Control of thermodynamic stability of H4DPP2+(X–)2 by conjugate bases. 
b) Selective formation of hetero-triads with an ORTEP drawing of [H4DPP2+(Cl–)(BnPy+-PhCOO–)](PF6–) 
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[Chapter 5: The isolation of four-electron reduced porphyrinoid through the reduction of a stable 20p isophlorin](iii) 
By virtue of the large saddle-distortion and a 
high reduction potential of an H4DPP2+ derivative 
(H4CF3DPP2+, Figure 7), the selective formation of 
isophlorins (Iph), one of the structural isomers of 
two-electron-reduced porphyrins, was conducted to 
characterize multi-electron reduced porphyrinoids. 
The formation of Iph was successfully observed 
spectroscopically in highly polar aprotic solvents 
such as DMSO in the presence of Na2S2O4 as a 
reductant. Hydrogen bonding between Iph and 
DMSO was proposed to stabilize Iph, which was 
usually unstable due to the loss of the aromaticity. While, Iph was too air-
sensitive to be isolated, an isophlorin derivative was isolated as an N,N,N,N-
tetramethylated form (Me4Iph), which was highly stable even in the presence 
of dioxygen (O2) (Figure 7). In addition, surprisingly, Iph was further reduced 
to afford a novel four-electron reduced porphyrinoid (IphH2) in the presence 
of excess amounts of Na2S2O4, as characterized by X-ray crystallography for 
the first time (Figure 8). IphH2 could be converted into the starting porphyrin 
(H4CF3DPP2+) by chemical oxidation, constructing reversible four-electron 
redox cycles between H4CF3DPP2+ and IphH2.  
 
[Chapter 6: A reversible O2/H2O2 conversion based on redox couples of a saddle-distorted porphyrin and an 
isophlorin] 
Interconversion between O2 and hydrogen peroxide (H2O2) has been attracted of much interest on O2 activation in 
metalloenzymes or rechargeable lithium-air batteries. The author successfully achieved the first example of a reversible 
O2/H2O2 conversion based on an N21,N23-dimethylated saddle-distorted porphyrin (syn-Me2P) and the corresponding 
isophlorin (syn-Me2Iph). syn-Me2Iph could react with O2 to afford syn-Me2P and H2O2 in DMF. Inversely, syn-Me2P 
could also react with excess amounts of H2O2 to form syn-Me2Iph and O2 (Figure 9).  
 
   This unique reversible reaction was accomplished by partial methylation at the inner nitrogen atoms to minimize the 
difference of thermodynamic stability between syn-Me2Iph-O2 and syn-Me2P-H2O2 states. In addition, kinetic analysis 
revealed a two-point hydrogen-bonding adduct between syn-Me2P and H2O2 play a crucial role to establish the 
interconversion. On the other hand, the N21,N22-
dimethylated isophlorin (anti-Me2Iph) showed no 
reversibility and lower reactivity with O2 than that 
of syn-Me2Iph. The difference should be derived 
from that of hydrogen bonding between the 
isophlorin derivatives and O2 (Figures 9 and 10). 
 
Figure 9. Interconversion between syn-Me2Iph/O2 and syn-Me2P/H2O2 via the formation of syn-Me2P-H2O2. 
 
Figure 7. The chemical reduction of H4CF3DPP2+ to form IphH2  
or Me4Iph via the formation of Iph. 
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Figure 10. Irreversible O2 reduction by anti-Me2Iph 
 
Figure 8. An ORTEP drawing of IphH2 
[Chapter 7: Catalytic two-electron reduction of O2 to H2O2 catalyzed by saddle-distorted porphyrins] 
Catalytic two-electron reduction of O2 to H2O2 catalyzed by syn-Me2P or anti-Me2P were conducted in a 
MeCN/H2O mixed solvent containing octamethylferrocene (Me8Fc) as an electron donor and TFA as a proton source. In 
contrast to the stoichiometric reaction, anti-Me2Iph showed higher reactivity and selectivity to form H2O2 than syn-Me2P: 
Turnover number (TON) was reached 250 in 30 minutes (100% yield based on Me8Fc) using anti-Me2P in a MeCN/H2O 
(9:1, v/v) mixed solvent, while TON for syn-Me2P was determined to be 218 in 60 minutes (87% yield based on Me8Fc). 
The difference of catalytic reactivity between syn-Me2P and anti-Me2P was derived from the different catalytic 
mechanisms depending on the type of the hydrogen bond with O2. syn-Me2Iph could form a two-point hydrogen bonding 
with O2 and reduce O2 to produce H2O2 without acceleration by TFA (Figure 11a). In contrast, a single-point hydrogen 
bonding of anti-Me2Iph with O2 resulted in acceleration of H2O2 production aided by TFA through proton-coupled 
electron transfer from anti-Me2Iph to O2 (Figure 11b).  
 
 
 
[Concluding remarks] 
Through this research, the author has revealed the utility of hydrogen bonding in formation of supramolecular 
assemblies and metal-free catalysts based on redox active molecules such as porphyrins. Higher basicity of saddle-
distorted porphyrins makes it possible to regulate the strength of hydrogen bonding by changing the chemical properties 
of conjugate bases of acids used for the protonation to form diprotonated porphyrins. Selective formation of complicated 
supramolecules such as hetero-triads by just controlling the strength of hydrogen bonding can provide a new strategy to 
develop useful hydrogen-bonded supramolecular assemblies as seen in Photosystem II. In addition, the highly saddle-
distorted structure of H2DPP derivatives facilitates the protonation and selective formation of two-electron reduced 
species (isophlorins), which show high robustness and unique redox reactivities such as reversible four-electron reactions, 
O2/H2O2 interconversion, and catalytic O2 reduction reactions. The author has clarified the relationship between hydrogen 
bonding of organic molecules with substrates and redox reactivities in metal-free catalysis. The author does hope that 
these insights provided in this study will pave a new way to the development of novel metal-free redox catalysts.  
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Figure 11. Plausible reaction mechanisms in O2 reduction catalyzed by a) syn-Me2P and b) anti-Me2P. 
syn-H2Me2P2+
syn-Me2Iph
2Me8Fc
2Me8Fc+
H2O2
2H+
O2
[syn-Me2Iph–O2]
syn-Me2P–H2O2
a) b)
N N
N
N
H
O H
O N N
H
NH
N N N
NH
NH
